A model is presented for an accretion disc in which the inflow is driven purely by the angular momentum removed in a centrifugally accelerated magnetic wind. Turbulent discs around compact stars are considered, with the required magnetic field being generated in the disc by a simple dynamo. The turbulent magnetic Prandtl number, N p , measures the ratio of turbulent viscosity to turbulent magnetic diffusivity. Formally, the hypothetical limit N p → 0 corresponds to the magnetic wind torque dominating the viscous torque, but in practice the inflow is magnetically controlled for N p 0.1.
at the outer edge of the disc, advected field would be rapidly dissipated before it travelled far into the disc. For accretion on to an essentially non-magnetic star, the only way to maintain the required magnetic field is via a dynamo operating in the disc.
Many authors have studied dynamo generation of magnetic fields in accretion discs (see Brandenburg & Campbell 1997; Campbell 1997; von Rekowski et al. 2003 for detailed discussions and references). Analytical and numerical models have been presented, including simulations involving magnetic shearing instabilities (e.g. Brandenburg et al. 1995; Hawley, Gammie & Balbus 1995; Stone et al. 1996) . The indications are that the α-effect, which generates poloidal magnetic field from toroidal, has a negative sign above the disc mid-plane. This can lead to steady dipole-symmetry magnetic fields of the type consistent with channelled, centrifugally driven wind flows. Although much work remains to be done on disc dynamos, relatively simple αω-dynamo models can generate and maintain the required magnetic fields with parameters in good agreement with numerical simulations (e.g. Ruediger & Pipin 2000; von Rekowski et al. 2003) . Also, the resulting disc fields can be matched to the wind field using appropriate boundary conditions (Campbell 2005) .
The present paper considers the case of centrifugally driven magnetic wind flows from turbulent accretion discs around compact objects (i.e. not protostellar discs). The accretor, typically being a white dwarf, is assumed not to have a significant magnetic field. The paper addresses the suggestion of Lubow, Papaloizou & Pringle (1994) that such winds may be unstable. The magnetic Prandtl number is defined as N p = ν/η, where ν and η are the turbulent viscosity and magnetic diffusivity, respectively. In the present absence of a formalism for deriving these transport quantities from the turbulent field, N p remains uncertain. Lubow et al. (1994) considered the hypothetical case of N p → 0, so the inflow is driven purely by the magnetic wind extraction of angular momentum as in the original Blandford & Payne (1982) model. They considered a simple disc-wind model and related perturbations of the disc inflow speed to perturbations of the wind mass flux through the sonic point. An increase in the inflow speed led to increases in the wind mass loss rate and the angular momentum loss rate from the disc, leading to further inflow driving and hence instability. The disc magnetic diffusivity was treated as a free parameter and the disc was taken to be vertically isothermal, a detailed solution not being found. Hence, perturbations to the thermal balance could not be considered. However, their model did illustrate that there is a destabilizing mechanism which, if unquenched, could cause disruption of a steady wind flow of the type suggested by Blandford & Payne (1982) . Cao & Spruit (2002) considered the stability of a hypothetical disc in which matter corotates with a strong magnetic field, which suppresses magnetorotational instability. The disc was taken to be vertically isothermal, so the thermal problem was not considered. Their detailed perturbation analysis shows that such a disc is subject to the type of instability suggested by Lubow et al. (1994) . Campbell (2000 Campbell ( , 2003 presented detailed disc-wind models for general values of N p , so viscosity and magnetic wind torques contribute to driving the inflow. It was found that these torques are comparable for N p ∼ 1. These models were shown to be linearly stable to perturbations in the steady angular momentum balance, when changes in the thermal balance and wind structure are allowed for (Campbell 2001) . The destabilizing mechanism of Lubow et al. (1994) is quenched by positive perturbations in η which reduce poloidal magnetic field bending and prevent increases in the wind mass loss rate. The wind Alfvén surface adjusts to accommodate this.
The results of previous work indicate that for N p = 0.2 the ratio of magnetic to viscous torque is ∼100 (see tables 1 and 4 in Campbell 2000). This shows that for N p 0.1, the magnetic torque is dominant, and so N p = 0.1 is essentially equivalent to the formal limit N p → 0. The stability analysis of Campbell (2000) only considered N p ∼ 1, for which magnetic and viscous torques are comparable. The limit of N p → 0 is considered in the present work to investigate the possibility of an instability of the type suggested by Lubow et al. (1994) The present, more detailed, model allows perturbations in the thermal balance and vertical equilibrium to be calculated and the effects of these to be assessed.
In Section 2, the steady model is presented. The necessity for a disc dynamo is shown, including its relation to poloidal field bending and wind launching. The angular momentum problem relates conditions in the disc to the essential properties in the wind flow, and the disc vertical equilibrium is related to the dynamo parameters. The detailed consideration of thermal equilibrium and radiative transfer enables the disc surface temperature to be found and related to the wind launching angle.
Section 3 considers linear perturbations to the disc-wind system. Consideration of the thermal equations enables perturbations in the magnetic diffusivity to be found, which might allow quenching of the Lubow et al. (1994) instability. Perturbations to the wind launching angle, disc inflow speed and the wind mass flux are related. It is shown that perturbations to the angular momentum balance change on a time-scale much longer than the dynamical time-scale. The results are discussed in Section 4.
S T E A DY D I S C S T RU C T U R E

Generation of the magnetic field
A Keplerian, turbulent accretion disc is considered around a non-magnetic compact star of mass M and radius R. Cylindrical coordinates ( , φ, z) are used, centred on the accretor, with the disc central plane corresponding to z = 0. The disc surfaces are at z = ±h( ), being the photospheric bases where the wind flow begins. The disc and wind flow are symmetric about z = 0, and hence only z ≥ 0 needs to be considered. First, the necessity of a dynamo mechanism is demonstrated and then the essentials of the dynamo model are presented.
For accretion on to a non-magnetic star, the only sources of the required magnetic field are advection from the surrounding medium or dynamo generation in the disc. For advection to be effective, the inflow would have to carry poloidal magnetic field through the disc faster than it is dissipated by diffusion. Hence, the inflow time-scale τ in would have to be shorter than the diffusion time-scale τ d . The inflow speed in the disc can be expressed as
where ζ = z/h and the subscript 'c' refers to the central plane z = 0, so f v (0) = 1. For a thin disc, the poloidal component of the induction equation can be written as
For a dipole-symmetry field, to lowest order in h/ , B z is independent of z (e.g. Campbell 1997 ). For simplicity, and consistency with the standard parametrized forms, η = η( ) is used. Then, substituting (1) in (2) and integrating from z = 0 to h yields
where
and
with the subscript 's' denoting the disc surface and i s the angle the poloidal field makes with the horizontal at the surface. The inflow and diffusion time-scales in the disc are
This typically gives τ in ∼ 80τ d , so τ d τ in , and any advected magnetic field would be dissipated to negligible values before it could penetrate far into the disc. Hence, a dynamo process is necessary to generate and maintain the required magnetic field. A simple αω-dynamo model, with the α function negative for 0 < z < h, gives steady dipole-symmetry solutions which can facilitate wind launching. The dynamo model used here is the same as in Campbell (2003) . The mean field induction equation describes the generation and maintenance of a large-scale magnetic field. The radial shear associated with the Keplerian rotation generates toroidal magnetic field from poloidal field (the ω-effect), while the turbulent α-effect generates poloidal field from toroidal. Field growth is limited by turbulent diffusion and the disc inflow advects the poloidal magnetic field.
The disc magnetic field has components which can be expressed as
The dimensionless function f φ (ζ ) satisfies the differential equation
where K 3 is the dynamo number and K = h/ z , with z the vertical length-scale of B and B φ , F is a pure function of K and f v (ζ ) is defined in (1). The function f φ (ζ ) obeys the boundary conditions
The first two conditions correspond to B φ ( , 0) = B ( , 0) = 0, required for dipole symmetry, while the last condition allows matching to a nearly force-free field at the disc surface (see Campbell 1999) . The poloidal and toroidal components of the induction equation lead to the field bending relation
with the angled brackets denoting a vertical average. The parametrization
is used, where is a rms turbulent Mach number, N α is a turbulent magnetic Reynolds number and c s is the isothermal sound speed in the central plane. Equation (11) illustrates that the inflow advects and bends the poloidal magnetic field, while diffusion allows field line slippage which reduces the bending. It is noted that (11) was derived from the induction equation containing a dynamo α term. Equation (12) shows that the function I(K) is related to the vertical gradient of B , and hence to the amount of poloidal field bending in the disc. As K approaches a critical value of π/ √ 3, corresponding to the first eigenvalue of the homogeneous dynamo problem without the inflow, there is a sharp increase in I(K). Hence, if K is not far below this critical value, the dynamo has the effect of enhancing field bending, which aids wind launching (Campbell, Papaloizou & Agapitou 1998) . The surface fields B s and B φs are related through the dynamo equations by
For effective magnetic channelling of the wind, the Alfvén surface lies well beyond the sonic surface. As a consequence of this, the wind magnetic field is nearly force-free in the region of the disc surface.
Angular momentum transport
With negligible viscosity, the disc inflow is driven by angular momentum removal via the magnetically channelled wind flow. A braking torque is exerted on the disc rings, related to the B φ B z /μ 0 surface stress, and the poloidal wind flow results in a flux of angular momentum away from the disc. The divergence of the radial flux of angular momentum associated with the resulting inflow can be related to the magnetic torque driving it by combining the azimuthal component of the momentum equation with the continuity equation. This yields
and vertical integration to an arbitrary height in the disc gives
wherė
is the mass inflow rate between − z and z. In the wind flow region close to the disc surface, magnetic stress dominates material stress and the surface magnetic stress is related to the angular momentum flux in the wind by This can only be satisfied if f (z) = 0, and hencė
It follows from (8b) that f φ (1) = 1, and then (18) gives the total mass inflow rate aṡ
Equations (18) and (19) yielḋ
noting that f φ (0) = 0. Equations (1) and (16), together with
givė
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Equating (20) and (22) forṀ(z) then yields
Since this holds for 0 ≤ ζ ≤ 1, it follows that
Using the surface condition (10c) together with the necessary conditions f v (0) = f ρ (0) = 1 in (24) gives
Vertical equilibrium
The vertical equilibrium in the disc is a balance between stellar gravity, magnetic force and the thermal pressure gradient. For dipole symmetry, the horizontal field magnetic pressure (B 2 + B 2 φ )/2μ 0 increases from the central plane to the disc surface. This results in a magnetic force which compresses the disc, as does the vertical component of stellar gravity. These compression forces are balanced by the expansion force due to the vertical gradient of the thermal pressure. The equilibrium can be expressed as
Integration from 0 to z, using the conditions B ( , 0) = B φ ( , 0) = 0, then yields
This equation is separable if 
where A and k 1 are constants. Since
elimination of B 2 φs /2μ 0 between (27a) and (27b) gives
where the last result follows from the dynamo problem. The separable forms
and the gas equation of state enable the vertical dependence of (26) to be expressed as
It follows from (26) and (27b) that k 1 is a measure of the magnetic compression of the disc. It will be shown that this plays a significant role in the stability analysis.
The thermal equations
Consideration of a detailed disc model enables a more extensive analysis to be made of the stability of the disc-wind system than that considered by Lubow et al. (1994) . In particular, solution of the thermal equations and vertical equilibrium allows perturbations of the magnetic diffusivity to be considered. It was shown in Campbell (2001) that, for N p ∼ 1, the instability suggested by Lubow et al. (1994) can be prevented by perturbations in η. This possibility is investigated here for the case N p → 0 which, as explained above, in practice corresponds to N p 0.1 for which the magnetic torque dominates the viscous torque. The thermal equilibrium equation relates the divergence of the radiative flux to the rate of magnetic dissipation per unit volume. For a thin disc, this can be written as
Vertical integration of this, and the use of (8b) for B φ , yields The disc is optically thick, and another expression for F R follows from the radiative diffusion equation as
using a Kramers opacity with constantK. Equating the separable forms, (33) and (34) then gives the radial and vertical thermal equations as 32 45
where k 2 is a separation constant. Equation (35) will enable perturbations in the magnetic diffusivity to be related to the perturbations in the inflow speed. Equation (36), together with the vertical equilibrium equation (31), can be solved to obtain the vertical temperature distribution in the disc given by f T (ζ ). The surface value f T (1) can be related to the magnetic compression constant k 1 , and then the dependence of k 1 on the accretion rateṀ can be found. This will be shown to be important in considerations of stability. Two expressions can be derived for f T (1) using the definition of the disc surface z = h as the photospheric base, together with the thermal equations (35) and (36). These can most easily be obtained by making the transformation N p k 2 /k 1 → new k 2 , as N p → 0 in equations (138) and (147) in Campbell (2003) . This, and the use of the vertical equilibrium equation (31) 
and C is a constant independent ofṀ. Equating (37) and (38) gives
Another expression for tan i s follows by eliminatingṁ 2 A between (19) here and (140) in Campbell (2003) , the latter beinġ m 2 A =Ṁ 3π
This yields
Finally, equating (40) and (42) gives
38 45
This equation relates the vertical magnetic compression of the disc to the accretion rate and incorporates the thermal and vertical equilibrium equations. It will be used in the stability analysis below to find perturbations in η, and hence investigate whether the Lubow et al. (1994) instability can be prevented by relieving poloidal field bending.
P E RT U R BAT I O N S TO T H E D I S C -W I N D S Y S T E M
The time-dependent equations
Perturbations to the angular momentum balance in the steady wind-driven disc can now be considered, in order to investigate the possibility of an instability of the type suggested by Lubow et al. (1994) . In their analysis, a small increase in the inflow speed |v c | led to enhanced poloidal field bending. This lowered the sonic point and the height of the gravitational-centrifugal barrier, so the wind mass fluxṁ increased. An increase inṁ led to a further increase in |v c |, and hence the angular momentum balance was unstable. However, perturbations to the magnetic diffusivity η could not be considered because the disc structure had not been found. By considering the disc structure, particularly the thermal problem, Campbell (2001) showed that for N p ∼ 1 positive perturbations in η result from δ|v c | > 0, and these can relieve poloidal field bending and stabilize the system. For N p ∼ 1, the increase in η is due to the perturbations in the magnetic and viscous dissipations which give δT c > 0. For N p → 0, only magnetic heating is present, and the analysis here investigates whether this is sufficient to lead to perturbations in η which stabilize the angular momentum balance.
As in the case of N p ∼ 1 considered in Campbell (2001) , the dynamical, thermal and magnetic time-scales are much shorter than the angular momentum adjustment time-scale τ (an expression for τ is given in Section 3.2). Perturbations to the angular momentum balance will therefore evolve quasi-steadily on the time-scale τ , and explicit time derivatives can be ignored in all equations except mass conservation. Hence, the appropriate steady equations can be used to calculate slowly time-varying perturbations, which can then be employed to investigate stability.
The continuity equation integrates vertically to yield
I 1 is given by (23) and
Eulerian perturbations (i.e. at fixed ) will be taken about the steady state. The continuity equation can be used with the angular momentum, induction and thermal equations to derive a linearized equation for the perturbation δμ s , where
The angular momentum equation can be written as
Integrating this vertically through the disc, using (1) and (21) for v and ρ, gives s v c = 4
This relates the magnetic stress B φs B zs /μ 0 , which removes angular momentum from the disc surface, to the inflow it drives. The dynamo equation (14) gives 
using (21) for ρ in (45) 
An expression relating μ s to s can be obtained from the parametrized form of η and the thermal equilibrium equation. Using the result s = 2I 2 ρ c h and (27b) to eliminate ρ c and B 2 φs in (35) yields 32 45
Equation (13) for η, together with (29) for c s / K h and the gas equation of state, enables T c and h to be expressed in terms of η as
Using these to eliminate T c and h in (52) 
whereC is a constant. Equation (43) shows that k 1 ∝Ṁ 1/3 , while (1), (16) and (21) givė
Linear perturbations can now be taken for the angular momentum balance, and associated quantities, to investigate the stability of the disc-wind system.
Since the angular momentum balance is unstable, it follows that σ > 0 and |q| increases with . Using q 2 ( D ) q 2 (R), the growth time-scale is
This can be expressed as
where (67) has been used to eliminate a and
where the angled brackets denote a radial average through the disc. Using (29) to eliminate c s ( D ) enables (68) to be written in the form τ = 4N 9π
where τ dyn is the dynamical time-scale, defined as the Keplerian orbital period, so
It follows from (70) and (71) that
It is noted that for an αω-dynamo K 3 /N 2 α 1 and for a thin disc /h 1. Typical solutions give
showing that τ τ dyn at all points in the disc. Hence, the growth time-scale of the angular momentum balance instability is much longer than the dynamical time-scale. This is consistent with the use of quasi-steady equations in the analysis.
An expression can be derived for the cylindrical Alfvén coordinate A by eliminatingṁ between (41) and (59). There is a finite perturbation δ A , with the wind structure adjusting on the dynamical time-scale of the disc, and hence quasi-steadily on the angular momentum growth time-scale τ .
C O N C L U S I O N S
A detailed model has been presented for a turbulent accretion disc, centred on a compact object, with inflow driven purely by a magnetic centrifugally driven wind. This applies to cases with turbulent magnetic Prandtl number N p 0.1, essentially corresponding to the formal limit N p → 0. The required dipole-symmetry magnetic field is generated and maintained by a simple αω-dynamo operating in the disc. The dynamo also facilitates wind launching by allowing sufficient bending of the poloidal magnetic field, related to the vertical gradient of the radial component. The dynamical, thermal and magnetic equations give the radial and vertical structures of the disc. These are related to the essential wind properties, particularly the mass flux,ṁ, through the sonic point and the cylindrical radius, A , of the Alfvén point.
The model is used to investigate the possibility of an instability of the type suggested by Lubow et al. (1994) for purely wind driven discs. This was an instability in the steady angular momentum balance resulting from a positive perturbation in the inflow speed |v c | which increased poloidal field bending and enhancedṁ and the angular momentum loss rate from the disc. This caused a further increase in |v c | and hence instability. However, their simple model could not allow for perturbations in the thermal balance or in the vertical equilibrium to be calculated. It was shown in Campbell (2001) that, for N p ∼ 1, perturbations in the viscous heating lead to positive perturbations in T c and η, with the increased magnetic diffusivity relieving poloidal field bending. There is an increase in the wind angular momentum loss rate, measured by a change inṁ 2 A , but with a decrease inṁ and an increase in A . The present work has investigated whether such stabilization can occur in the case of a purely wind driven disc.
It is found that for a purely wind driven disc, the perturbations in η are insufficient to prevent instability of the steady angular momentum balance. The instability grows on a time-scale considerably longer than the dynamical time-scale (typically by a factor of ∼500). It is noted that the present analysis considers turbulent discs around compact objects, using the standard parametrization for η. Any physically plausible form of η will depend on temperature and will therefore have a perturbation when the thermal balance is perturbed. For other types of discs with different diffusion mechanisms (e.g. ambipolar diffusion in protostellar discs), δη might be large enough to stabilize the system. Koenigl & Wardle (1996) argue that ambipolar diffusion-dominated discs with centrifugally driven magnetic winds can be stabilized by magnetic compression effects.
